Abstract Manganese is an essential nutrient that may play a role in the production of inflammatory biomarkers. We examined associations between estimated dietary manganese intake from food/beverages and supplements with circulating biomarkers of inflammation. We further explored whether estimated dietary manganese intake affects DNA methylation of selected genes involved in the production of these biomarkers. We analyzed 1023 repeated measures of estimated dietary manganese intakes and circulating blood inflammatory biomarkers from 633 participants in the Normative Aging Study. Using mixed-effect linear regression models adjusted for covariates, we observed positive linear trends between estimated dietary manganese intakes and three circulating interleukin proteins. Relative to the lowest quartile of estimated intake, concentrations of IL-1β were 46% greater (95% CI − 5, 126), IL-6 52% greater (95% CI − 9, 156). and IL-8 32% greater (95% CI 2, 71) in the highest quartiles of estimated intake. Estimated dietary manganese intake was additionally associated with changes in DNA methylation of inflammatory biomarker-producing genes. Higher estimated intake was associated with higher methylation of NF-κβ member activator NKAP (Q4 vs Q1: β = 3.32, 95% CI − 0.6, 7.3). When stratified by regulatory function, higher manganese intake was associated with higher gene body methylation of NF-κβ member activators NKAP (Q4 vs Q1: β = 10.10, 95% CI − 0.8, 21) and NKAPP1 (Q4 vs Q1: β = 8.14, 95% CI 1.1, 15). While needed at trace amounts for various physiologic functions, our results suggest estimated dietary intakes of manganese at levels slightly above nutritional adequacy contribute to inflammatory biomarker production.
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Introduction
Manganese (Mn) is an essential element required for normal physiological processes including psychomotor development [1] , fat and carbohydrate metabolism [2] , and oxidative stress reduction [3, 4] . Overt deficiencies of manganese are extremely rare; thus, data are not available to estimate how much is required for healthy individuals (i.e., a recommended daily allowance) [5] . However, an adequate intake (AI) level of 2.3 mg/day based on observed average intakes from the Food and Drug Administration Total Diet Study has been recommended for adult males [6, 7] . The tolerable upper intake level (UL), or highest level of intake assumed to pose no risk of adverse health effects, for adult males is 11 mg/day. The overwhelming majority of research on the toxic effects of manganese exposures has occurred within the context of occupational studies focusing on inhalation of the metal. The potential adverse effects of orally ingested manganese in humans remain uncertain. While the toxicity of low-dose, orally ingested manganese is controversial, in vivo and in vitro studies generally support the inflammatory potential of manganese, with observed increases in the production of circulating biomarkers of inflammation including interleukin 6 (IL-6) and tumor necrosis factor alpha (TNF-α) [8] [9] [10] [11] [12] [13] . The nuclear factor kappa-lightchain-enhancer of active B cell (NF-κβ) pathway is a major regulator of cytokine production and is affected by manganese [14, 15] . Additionally, previous human studies have shown that manganese is associated with changes in patterns of DNA methylation [16, 17] although no studies have examined the effects of manganese on epigenetic regulation of the NF-κβ pathway. To date, the inflammatory potential of dietary manganese intake or the effects of dietary manganese on DNA methylation have yet to be examined. The aims of this study was to examine associations between estimated dietary manganese intake and concentrations of circulating biomarkers of inflammation and to examine epigenetic signatures of DNA methylation as a potential explanatory mechanism.
Subjects and Methods
Study Population
The US Department of Veteran Affairs established the Normative Aging Study (NAS) in 1963 with a total of 2280 healthy men initially enrolled [18] . The NAS is a research component of the Massachusetts Veterans Epidemiology Research and Information Center. Eligibility criteria included veteran status, Boston metro area residence, age 21-80 years, and no history of cancer or other chronic conditions. Participants were recalled every 3 to 5 years for clinical examinations where they were evaluated for anthropometric measurements using standardized medical examinations and responded to questionnaires about medical history and lifestyle. Information on age, race/ethnicity, education, smoking status, alcohol consumption, body mass index (BMI), and medication use (statin, anti-inflammatory, and anti-hypertension) were collected at each follow-up examination. Starting in 1999, follow-up examinations included drawing a 7-mL blood sample for quantification of fasting blood glucose and circulating biomarkers of inflammation as well as epigenetic analyses. Of the 829 remaining participants, 802 (97%) consented to these blood donations. The current study focused on 1023 observations from 633 participants who had at least one measurement of circulating inflammatory biomarkers, estimated dietary intakes, blood methylation measurements, and were cancer free at the first blood draw (Supplemental Fig. 1 ). Of the 633 participants, 224 (35%) had one follow-up visit, 387 (61%) had two, and 22 (4%) had three. Data on this population were collected through September 2008. The NAS was conducted according to the guidelines laid down in the Declaration of Helsinki and the Institutional Review Board of Harvard University, and all participating institutions approved all procedures involving human subjects. Informed written consent was provided by all participants.
Estimated Dietary Intakes
We estimated total dietary intakes of manganese and other macro-and micronutrients using a self-administered, semiquantitative food frequency questionnaire (FFQ) at each follow-up visit. This questionnaire inquired about average food, beverage, and supplement intake over the past year and was previously validated for accuracy of estimated daily intakes [19] . In a subset of participants, the estimated microand macronutrients from the FFQ were highly correlated with estimates derived from 1-week diet records [19] . Participants recorded the number of times they consumed each of 126 items on a monthly, weekly, and/or daily basis; responses were processed through a nutrient database at the Channing Laboratory at Harvard University to estimate usual daily nutrient intakes [20] .
Circulating Inflammatory Biomarker Measurements
We quantified serum levels of circulating inflammatory biomarkers using multiplexing technology (MILLIPLEX™ MAP) with commercially available MILLIPLEX™ MAP kits (EMD Millipore, Billerica, MA, USA). Briefly, multiplex technology employs color-coded microspheres, which are each coated with a specific capture antibody. A small amount of serum sample (25 μL) was added, and the analyte was captured to the bead. We used the Luminex® 200™ System multiplex detection system (Luminex Corporation, Austin, TX, USA) to assay and quantify circulating interleukin (IL)-1β, IL-6, IL-8, TNF-α, vascular endothelial growth factor (VEGF), and tumor necrosis factor receptor, superfamily member 1B (TNFR) (MILLIPLEX Human Cytokine/ Chemokine; EMD Millipore). C-reactive protein (CRP) measurements used the immunoturbidimetric assay on a Hitachi 917 analyzer (Roche Diagnostics-Indianapolis, IN) with reagents and calibrators from Denka Seiken (Niigata, Japan) [21] . We measured vascular cell adhesion protein 1 (VCAM-1) and intercellular adhesion molecule 1 (ICAM-1) using the enzyme-linked immunosorbent assay method (R&D Systems, Minneapolis, MN). Serum measurements reflect circulating concentrations of these biomarkers at time of blood draw. Due to data skewness, the circulating inflammatory biomarkers were log-transformed prior to modeling.
Methylation Measurements and Candidate Gene Selection
We measured DNA methylation using the Illumina Infinium HumanMethylation450k BeadChip in peripheral white blood cells. For this study, we selected the gene regions for the previously mentioned circulating inflammatory proteins (IL1B, IL6, CXCL8 [encodes IL-8], TNF, VEGFA, TNFRSF1B, CRP, ICAM1, and VCAM1). We additionally selected candidate genes associated with the nuclear factor kappa-light-chain-enhancer of active B cell (NF-κβ) pathway as it is a well-known regulator of interleukin and other inflammatory marker production [14] . Specifically, we focused on genes for NF-κβ member proteins: Nuclear factor kappa B subunit 1 (NFKB1), nuclear factor kappa B subunit 2 (NFKB2), proto-oncogene c-REL (REL), nuclear factor kappa B P65 subunit (RELA), and RELB proto-oncogene NF-κβ subunit (RELB). Finally, we explored methylation on the NF-κβ repressors: NF-κβ inhibitor alpha (NFKBIA), NF-κβ inhibitor beta (NFKBIB), NF-κβ repressing factor (NKRF), NF-κβ inhibitor interacting Ras-like 1 (NKIRAS1), NF-κβ inhibitor interacting Ras-like 2 (NKIRAS2) as well as the NF-κβ activators: NF-κβ activating protein (NKAP), NF-κβ activating protein like (NKAPL), and NF-κβ activating protein pseudogene 1 (NKAPP1). We computed mean M-values across the interrogated CpG regions according to our previously described methods [22] .
Statistical Analysis
We categorized estimated dietary manganese intake into quartiles rather than using dietary reference intake cut points as nearly all participants had intakes within the range of the AI and UL. In all analyses, the lowest (first) quartile served as the reference group. We performed descriptive analyses to compare participant characteristics across estimated dietary manganese intake quartiles using chi-squared, ANOVA, or Kruskal-Wallis tests as appropriate. We used mixed-effect linear regression models with random intercepts to assess associations and to account for repeated measures of the participants; models estimated beta coefficients with 95% confidence intervals (CIs). We elected to use linear mixed-effect models as they have been previously used to examine similar hypotheses in this cohort [23] . Due to the log-transformation of the circulating biomarkers, we calculated the relative percent change in serum inflammatory biomarker concentrations associated with each estimated dietary manganese quartile by exponentiating the beta coefficients from models. We examined linear trends by modeling estimated dietary manganese quartiles as an ordinal variable.
Model covariates included age, race/ethnicity, BMI, education level, alcohol use, and smoking status all selected a priori based on our prior studies of methylation and inflammatory biomarkers in this cohort. The following dietary intakes, as assessed from the FFQ, were also included as potentially confounding factors: total caloric and fat intakes as well as intakes of calcium, magnesium, iron, lycopene, and methyl-donating dietary B vitamins (including folate, vitamin B-6, and vitamin B-12). Furthermore, we examined smoking pack-years, antihypertensive drug use, anti-inflammatory drug use, statin use, and fasting blood glucose as potential confounders. We assessed interactions between estimated dietary manganese intake quartiles with total iron intake, total fat intake, and manganese intake via supplement use using cross-product terms in regression models as these nutritional factors have been shown to affect manganese absorption [24, 25] . We treated age, BMI, smoking pack-years, and all dietary variables as continuous variables while race/ethnicity, education level, alcohol use, smoking status, antihypertensive drug use, antiinflammatory drug use, statin use, and fasting blood glucose were treated as categorical variables. We retained covariates in the model if their inclusion changed point estimates by 10% or greater. Our fully adjusted models for associations between estimated dietary manganese intake and circulating inflammatory biomarkers included age, race/ethnicity, BMI, education level, alcohol use, smoking status, total caloric intake, and total intakes of calcium and magnesium.
For the methylation analyses, we calculated the mean of individual CpG M-values across each gene and by gene regulatory region (promoter vs non-promoter) and treated these variables as continuous dependent variables. In addition to the previously mentioned covariates, we additionally collected information on white blood cell type estimated proportions and DNA methylation processing batch. Our fully adjusted models for associations between estimated dietary manganese intake and gene methylation included all covariates from the earlier analyses but further adjusted for white blood cell composition and DNA processing batch. We considered p values < 0.05 as statistically significant and p values < 0.10 to be marginally significant. Although this study used a candidate biomarker and gene approach, we computed the BenjaminiHochberg false discovery rate (FDR) to assess the potential effect of multiple comparisons [26] .
Results
Participant characteristics at baseline are presented in Table 1 . Generally, participants were an average age of 73 years old, overweight (mean BMI = 28.1), majority white (98%), and educated (74% with some college education or greater). Most participants were former smokers (67%), and consumed 0-1 drinks per day on average (80%). Less than half of participants reported ever using a statin (38%), and a majority reported ever using anti-inflammatory (83%) and antihypertensive medications (58%). Approximately three quarters (71%) of participants had a fasting blood glucose level below 110 mg/ dL. When examined by estimated dietary manganese intake quartile, participants in the higher quartiles tended to have a lower BMI and greater education compared with participants in the lower quartiles.
Associations between estimated dietary manganese intake and relative percent change in circulating inflammatory biomarker concentrations are shown in Fig. 1 (and Supplemental  Table 1 ). After adjustment for covariates, statistically significant positive linear trends were identified for IL-1β (p trend = 0.04) and IL-8 (p trend = 0.01); a marginally significant positive linear trend was observed for IL-6 (p trend = 0.06). In the highest quartile of estimated dietary manganese intake, IL-1β was 46% higher (95% CI − 5, 126%), IL-6 was 52% higher (95% CI − 9, 156%), and IL-8 was 32% higher (95% CI 2, 71%) relative to the lowest quartile. No other linear trend associations between estimated dietary manganese intake and circulating inflammatory biomarkers were statistically significant. After adjustment for multiple comparisons, only the association with IL-8 remained marginally significant (FDR = 0.09). We additionally did not identify any statistically significant interactions between estimated dietary manganese intake and either estimated intakes of iron, fat, or manganese via supplement use for any circulating inflammatory biomarkers.
Associations between estimated dietary manganese intakes and DNA methylation of inflammatory genes are presented in Table 2 . A marginally significant trend was observed between estimated dietary manganese intake and higher methylation of VCAM1 (Q4 vs Q1: β = 5.31, 95% CI − 1.2, 11.8, p trend = 0.06), although this relationship was not significant after adjustment for multiple comparisons (FDR = 0.54). We did not identify any other associations between estimated dietary manganese intake and DNA methylation of inflammatory biomarker genes. Table 3 presents associations between estimated dietary manganese intake and methylation of our candidate NF-κβ-associated genes. We identified a marginally significant trend using between higher estimated dietary manganese intake and higher methylation of NF-κβ activator NKAP (Q4 vs Q1: β = 3.32, 95% CI − 0.6, 7.3, p trend = 0.08), although this was not significant after adjustment for multiple comparisons (FDR = 0.78). Supplemental Tables 2 and 3 show the associations between estimated dietary manganese intake and methylation of NF-κβ-associated genes by regulatory region (promoter vs non-promoter-associated, respectively). Upon restriction to promoter-associated regions, we did not identify any significant relationships between estimated dietary manganese intake and DNA methylation (Supplemental Table 2 ). When restricted to non-promoter regions, we found statistically significant associations between higher estimated dietary manganese intake and higher methylation of both NKAP (Q4 vs Q1: β = 10.10, 95% CI − 0.8, 21.0, p trend = 0.02) and NKAPP1 (Q4 vs Q1: β = 8.14, 95% CI 1.1, 15.2, p trend = 0.04) (Supplemental Table 3 ), although these associations did not meet statistical significance after adjustment for multiple comparisons (FDR = 0.32 for both genes).
Discussion
This was the first epidemiologic study to assess the relationship between estimated dietary manganese intake and circulating concentrations of inflammatory biomarkers. Our results suggest estimated dietary manganese intake linearly increases concentrations of three circulating inflammatory markers (IL-1β, IL-6, and IL-8); these findings are evident among those whose estimated dietary manganese intakes were below the UL of 11 mg/day. Moreover, we found that higher estimated dietary manganese intake was associated with higher methylation of the gene bodies of NKAP and NKAPP1, although these findings may be a product of multiple testing. Collectively, these novel findings suggest that higher estimated dietary manganese intake increases inflammatory biomarker production through a process that may be partially regulated by changes in DNA methylation.
Our results are consistent with data from cellular and animal model studies. In an in vitro study of healthy human lung epithelial cells, cells exposed to manganese had increased levels of intracellular phosphoprotein resulting in the release of inflammatory cytokines IL-6 and IL-8 [12] . In vivo studies have found that manganese induces upregulation of TNF-α and IL-1β in the brain tissue of mice [10, 11] . Our study further expands these relationships to humans and suggests that the effects of elevated manganese intake may be systemic rather than tissue-specific.
The epigenetic effects of manganese are not well understood, but epidemiologic studies from occupational settings suggest manganese can affect regulation of DNA methylation. Two studies to date have examined DNA methylation among workers who have occupational exposures to airborne manganese. In a study of welders (n = 201), gene methylation at NOS2 (which encodes inducible nitric oxide synthase, a regulator of oxidative stress) was significantly lower in individuals exhibiting symptoms of parkinsonism compared to unaffected controls [17] . Furthermore, in a study of 63 healthy steel workers, airborne manganese exposure was positively associated with peripheral blood leukocyte methylation of the APC and RASSF1A promoter regions [27] . While occupational studies have not specifically assessed the role of manganese in DNA methylation of inflammatory or NF-κβ (2) 1 (1) 7 (4) 1 (1) 5 (3) Education (N, %) 0.01 H.S or less 164 (26) 45 (34) 43 (27) 41 (24) 35 (20) Some college 313 (49) 65 (50) 84 (53) 86 (51) 78 (45) College graduate 156 (25) 21 (16) 33 (21) 42 (25) (4) 10 (8) 8 (5) 6 (3) 4 (3) Drinks per day (N, %) 0.55 0-1 drinks 506 (80) 103 (79) 132 (83) 138 (82) 133 (77) 2+ drinks 127 (20) 28 (21) 28 (17) 31 (18) 40 (23 pathways, they do suggest that manganese has the potential to disrupt these processes. We observed that individuals with higher estimated dietary manganese intake had higher gene body methylation of NKAP and NKAPP1, which encode proteins involved in the activation of transcription factor NF-κβ. Methylation of the gene body is correlated with greater gene expression and is a feature of transcribed genes [28] [29] [30] . Thus, our results indicate that DNA methylation of NF-κβ-regulating genes may serve as a potential mechanism regulating dietary manganese associations with inflammatory biomarker production. Previous studies have shown that overexpression of NKAP-induced activation of NF-κβ P65 [31] , and that activation of this transcription factor was associated with increased interleukin production [32, 33] . In mouse models, inhibition of NF-κβ P65 reduced the expression of IL-1β by reducing transcription factor binding to the IL1B promoter region [34] . In vitro studies have shown that cells transfected with NF-IL6 and NF-κβ P65 had strong synergistic activation of IL-6 and IL-8 [35, 36] . Additionally, a binding site for NF-κβ P65 is specific to the activation of IL-8 expression [37] . While we recognize multiple factors control cytokine and interleukin production, higher methylation of the gene bodies of NKAP and NKAPP1 offer a potential mechanism explaining our observed increased production of inflammatory cytokines, although additional research on this potential mechanism is warranted.
We also showed higher estimated dietary manganese intake was associated with higher methylation of VCAM1, but we did not observe a relationship with circulating VCAM-1 concentrations. VCAM1 encodes the vascular cell adhesion 1 protein which mediates the adhesion of white blood cells to the vascular endothelium [38] . These seemingly paradoxical findings could be explained by the unmeasured influence of other epigenetic mechanisms such as histone modifications or silencing RNAs, which could also regulate expression of VCAM1 and potentially have a stronger influence on circulating VCAM-1 concentrations compared to DNA methylation [39, 40] . Moreover, the lack of association with VCAM-1 concentrations may be explained by regulation of other transcription factors, such as NF-κβ, which have been shown to influence downstream VCAM-1 production [41] . While this study identified novel associations between estimated dietary manganese intakes and circulating inflammatory biomarker concentrations, it is also subject to limitations. First, our study was likely underpowered due to the relatively small sample size of the NAS population. Although, based on previous evidence, the marginally significant trends between manganese intake and circulating inflammatory biomarkers seem to be biologically relevant and warrant further study in larger and more diverse populations. Although we applied a candidate biomarker and gene approach, after adjustment for multiple comparisons, only an association between estimated dietary manganese intake and IL-8 persisted at a marginal threshold of significance; the associations between estimated dietary manganese intake and DNA methylation were no longer significant. Additional research identifying the precise mechanism relating dietary manganese intake with increases in circulating inflammatory biomarkers is warranted. Importantly, the model coefficients of determination (r 2 values) were quite low (ranging between 0.01 and 0.13) suggesting estimated dietary manganese intake only explained a small proportion of variation in measures of circulating inflammatory biomarkers.
Our identified associations additionally rest on the assumption of complete gut availability for manganese in the diet, whereas a much lower percentage is more likely. Moreover, gut absorption may be influenced by factors such as dietary intakes of calcium and iron-we aimed to address these issues by assessing potential confounding and effect modification of these dietary components. Our study population consisted mainly of older, white males, thereby potentially limiting the generalizability of our findings. However, there is little reason to believe the mechanisms and the associations identified in this study would differ by race or by gender. In this study, we were also unable to assess participants' occupations. While most of the population retired before the first blood draw, their history of occupational exposure to manganese may result in some misclassification. Similarly, this study relied on estimated dietary intakes of manganese intake based on an FFQ. The FFQ used has been previously validated for accuracy [19] ; furthermore, we would expect any resulting measurement error to attenuate our results. Manganese biomarkers from blood and other biologic matrices could provide a more objective metric and should be considered in future studies that focus on the inflammatory potential of manganese.
In summary, we found that estimated dietary manganese intake was positively associated with circulating concentrations of three interleukins (IL-1β, IL-6, and IL-8), and with Models adjusted for age, race, BMI, education, smoking status, alcohol intake, total caloric intake, total dietary intakes of calcium and magnesium, blood cell composition, and DNA processing batch methylation of two gene bodies (NKAP and NKAPP1) that regulate the NF-κβ pathway, a major contributor to interleukin production. These findings should be interpreted cautiously as they may have been affected by multiple testing. Chronic and excessive production of inflammatory cytokines is increasingly being recognized a risk factor for a multitude of chronic diseases. Our results highlight the inflammatory potential of ingested manganese and suggest diets containing levels of manganese above what is considered adequate may lead to subclinical inflammation. More studies are needed to replicate these findings and to further elucidate the role of manganese, both an essential nutrient and known toxicant, in inflammatory biomarker production.
